Interactions between atmospheric hydrogen oxides and aircraft nitrogen oxides determine the impact of aircraft exhaust on atmospheric chemistry. To study these interactions, the Subsonic Assessment: Ozone and Nitrogen Oxide Experiment (SONEX) assembled the most complete measurement complement to date for studying HOx (OH and HO:) chemistry in the free troposphere. Observed and modeled H Ox agree on average to within experimental uncertainties (_+40%). However, significant discrepancies occur as a function of NO and at solar zenith angles >70 ø. Some discrepancies appear to be removed by model adjustments to HOx-NOx chemistry, particularly by reducing HO:NO: (PNA) and by including heterogeneous reactions on aerosols and cirrus clouds.
Introduction
The hydrogen oxides (HOx=OH+HO:) play critical roles in atmospheric photochemistry. Produced by sunlight, ozone, and gases from Earth's surface, OH reacts with other gases emitted from Earth's surface, starting reaction sequences that convert these gases into water-soluble forms. In addition, HO:, a by-product of the OH reactions, combines with NO to form NO:, which is destroyed by sunlight, producing 03. Whereas HOx production is controlled by sunlight and the abundance of source gases, the course of HO• reaction sequences and eventual HO• loss in the upper troposphere are dictated primarily by the abundance of nitrogen oxides (NO•). Aircraft exhaust contains copious amounts of NO•. Thus, understanding the atmospheric effects of aircraft, particularly 03 production [Jaeg16 et al., 1999b] , requires a firm grasp of the interactions of atmospheric hydrogen oxides with the nitrogen oxides from the aircraft exhaust.
A goal of the Subsonic Assessment: Ozone and Nitrogen Oxide Experiment (SONEX) was to test the understanding of HOx sources and chemistry in the upper troposphere and to ascertain the influence of aircraft exhaust, particularly NOx, Measurements, models, and uncertainties The long, constant altitude leg (13.0-16.5 GMT) was a good test of HOx variations with NO because other main controlling variables, CO and 03, temperature, and photolysis frequencies, were constant to within 20% (Figure 1) . Water vapor was 100-800 ppmv, and HOOH and CH3OOH were 0-400 pptv and 0-100 pptv respectively. However, the calculated HOx production rate, which is the sum of production by water vapor and ozone, formaldehyde, acetone, peroxides, and pernitric acid, varied by less than a factor of 3. In contrast, NO varied by two orders of magnitude between a few and 300 pptv. Such a good kinetics experiment, in which only one controlling factor changes significantly, rarely occurs in the atmosphere.
During this long, constant altitude leg, OH was 0.05-0.15 pptv; HO2 was 2-5 pptv. CH20 is an important atmospheric HOx source. When CH20 was observed above 50 pptv, the CH20 instrumental limit-of-detection, it ranged from its LOD to 300 pptv, with over 55% of the observations below 50 pptv. Modeled CH20, a result of methane and acetone oxidation, is generally less than 50 pptv. The high observed CH20 values are difficult to explain because, with a 12-hour CH20 lifetime, convectively lifted CH20 should decay to background values within a few days. As a result, the Harvard model used here assumes only modeled CH20 values; if observed CH20 is used, then the observed-to-modeled HO2 ratio decreases even more at high HOx. This situation introduces significant uncertainty into calculating the HOx budget.
Causes for the observed-to-modeled HOx differences
Could the observed-to-modeled differences be due to HOx measurement errors beyond the estimated +40% absolute uncertainty (90% confidence limits)? The 1-minute, 1-c• precision of the HOx instrument was 0.010-0.015 pptv for OH and 0.03 pptv for HO2, not an important consideration for this issue. One possible explanation is that the HOx instrument sensitivity calibration was 1.5-2.0 times too large and a small positive HO2 artifact existed. However, the artifact is not required for some flights, such as on 28 October, 1997 (Figure 1) . Also, such an artifact was not seen by in-flight and laboratory tests [Faloona et al., 1999] . Finally, the HO2/OH ratio and its variations agree within experimental uncertainty with model calculations for daytime HO2, meaning that OH would need a variable artifact that maintains this ratio. Thus, at least some of the observed-to-modeled HOx difference appears to be atmospheric.
We must determine why observed-to-modeled HO2, Rao2, is less than 1 for low daytime NO and why it is greater than 1 for high NO and for high solar zenith angles, all in the context of experimental and model uncertainty. 
Low daytime NO (SZA<70ø

Summary and Conclusions
Because observed tropospheric HOx had been equal to or larger than modeled HOx prior to SONEX [Wennberg et al., 1998; Brune et al, 1998 ], due presumably to unmeasured HOx sources like acetone, we had expected that, with the more complete SONEX payload, observed HOx would be roughly equal to or greater than modeled HOx. However, the SONEX result that observed HOx was less than modeled HOx for cleaner, low-NO conditions was surprising. That the observed-to-modeled HO2 ratio was greater than experimental uncertainty for high solar zenith angles and for high NO is not as surprising, but it still requires explanation. Some discrepancies appear to be removed by model adjustments to HOx-NOx chemistry, particularly by reducing HO2NO2 formation and by including heterogeneous reactions on aerosols and cirrus clouds. Thus, we must clarify these SONEX results by examining HOx-NOx chemistry before we can completely resolve issues of HOx sources and their role in tropospheric ozone production.
